Complex retinal circuits process visual information and deliver it to the brain. Few molecular determinants of synaptic specificity in this system are known. Using genetic and optogenetic methods, we identified two types of bipolar interneurons that convey visual input from photoreceptors to a circuit that computes the direction in which objects are moving. We then sought recognition molecules that promote selective connections of these cells with previously characterized components of the circuit. We found that the type II cadherins, cdh8 and cdh9, are each expressed selectively by one of the two bipolar cell types. Using loss-and gain-of-function methods, we showed that they are critical determinants of connectivity in this circuit and that perturbation of their expression leads to distinct defects in visually evoked responses. Our results reveal cellular components of a retinal circuit and demonstrate roles of type II cadherins in synaptic choice and circuit function.
INTRODUCTION
Complex neural circuits underlie mental activities, and defects in circuit assembly likely underlie some behavioral disorders. Elucidating the mechanisms that instruct circuit assembly is therefore a main item in the agenda of developmental neurobiology. An increasingly feasible program for accomplishing this goal involves (1) categorizing the cell types that comprise the neuronal ensemble, (2) gaining genetic access to them, so they can be marked and manipulated, (3) mapping their connectivity, (4) identifying candidate mediators of specific connectivity among them, and (5) using loss-and gain-of-function methods to assess roles of the candidates on circuit structure and function.
The mouse retina has emerged as an excellent model system for implementing this program (Masland, 2012; Sanes and Zipursky, 2010) . It contains $100 neuronal types and is therefore about as complex as other brain areas, but it has several advantages that facilitate analysis, including an orderly arrangement of its cells and synapses, accessibility to study, and an impressive background of information about its structure and function. Its neurons are arranged in three cellular (nuclear) layers separated by two synaptic (plexiform) layers ( Figure 1A ). Photoreceptors synapse on bipolar and horizontal interneurons in the outer plexiform layer. Bipolar cells (BCs) carry visual information to the inner plexiform layer (IPL) where the information is processed by amacrine cells and retinal ganglion cells (RGCs); the RGCs carry information to the brain. The IPL is divided into approximately ten sublaminae, with processes of most cell types restricted to just one or a few of them. Thus, the laminar restriction of axonal and dendritic processes is a major determinant of specific connectivity in the IPL.
As a consequence of laminar specificity, each of $30 RGC subtypes receives inputs from a restricted subset of interneurons, which endows it with the ability to respond preferentially to particular features in the visual world, such as motion or color contrast (Gollisch and Meister, 2010) . Among the most intensively studied RGCs are those that respond selectively to motion in particular directions. Eight types of direction-selective ganglion cells (DSGCs) have been described, including four ON-OFF DSGCs (ooDSGCs) that respond to both increases and decreases in intensity of illumination (Vaney et al., 2012) (Figure 1B) .
Each of the four subsets of ooDSGCs responds preferentially to motion in one of the cardinal directions-nasal, temporal, dorsal, and ventral (Oyster and Barlow, 1967) . Their direction selectivity arises primarily from inhibitory interneurons called starburst amacrine cells (SACs) . SAC dendrites are themselves directionselective, releasing GABA onto ooDSGCs when an object moves from proximal to distal along the dendrite. Thus, the preferred direction of each ooDSGC is opposite to that of the innervating SAC dendrites (Vaney et al., 2012) . The SACs and ooDSGCs, in turn, receive their visual input through excitatory synapses made by BCs. Twelve BC types have been identified in mouse, which can be classified into ON and OFF groups ); they excite their targets when illumination increases (ON responses) or decreases (OFF responses). ON and OFF BCs stratify in inner and outer portions of the IPL, respectively (Famiglietti and Kolb, 1976) . As ON-OFF cells, ooDSGCs have bistratified dendrites and are innervated by both ON and OFF BCs.
Structural and functional information about ooDSGCs and SACs provides a strong foundation for molecular and developmental studies. Each of the four ooDSGC subtypes is molecularly distinct (Huberman et al., 2009; Kim et al., 2010) as are the ON and OFF SACs (Sun et al., 2013) . Molecular and functional distinctions among ooDSGC subtypes are established prior to and independent of visual experience (De la Huerta et al., 2012; Kim et al., 2010; Wei and Feller, 2011) . Several genes responsible for patterning the somata and dendrites of SACs have been identified (Kay et al., 2012; Lefebvre et al., 2012; Sun et al., 2013) , but the BC subtypes that provide input to SACs and ooDSGCs remain poorly defined and for no cells in the circuit have molecules been identified that target their processes to specific sublaminae.
We address these issues here. First, we used molecular markers to gain genetic access to Type 2 OFF and Type 5 ON BCs (BC2s and BC5s) and showed that they provide direct input to ooDSGCs and SACs. Second, we showed that two type II cadherins, cdh8 and cdh9, are selectively expressed by BC2s and BC5s, respectively. Third, we used loss-and gain-of-function strategies to show that Cdh8 and Cdh9 play instructive roles in targeting BC2s and BC5s to appropriate sublaminae. Finally, we show that Cdh8 and Cdh9 are required for connections from BCs to their targets and for visually-evoked responses of ooDSGCs.
The cadherins are a major family of recognition molecules. Among the >100 members of the cadherin superfamily, the best studied are the classical (types I and II) cadherins, a set of $20 closely related transmembrane homophilic adhesion molecules. Classical cadherins are expressed in complex, combinatorial patterns throughout the central nervous system (CNS) and have been implicated in several aspects of neural development (see Discussion) . Their elaborate patterns of expression have led to the hypothesis that they also mediate target recognition within or among areas. Our results provide direct support for this hypothesis.
RESULTS

Genetic Access to Elements of an ON-OFF Direction-Selective Circuit
In previous studies, we and others characterized transgenic lines that express fluorescent proteins or Cre recombinase in several subsets of ooDSGCs and SACs (Huberman et al., 2009; Kim et al., 2010; Kay et al., 2011a; Rossi et al., 2011; Trenholm et al., 2011) . To begin this study, we sought markers for BCs that provide visual input to ooDSGCs and SACs, based on laminar position of their axonal arbors. These include BC2s and BC5s (Helmstaedter et al., 2013; Wä ssle et al., 2009 ). We identified candidate markers from published databases (Kay et al., 2012; Kim et al., 2008) and screened them by in situ hybridization. Consistent with previous results (Chow et al., 2004; Siegert et al., 2009) , neto1 and kcng4 were selectively expressed by BC2s and BC5s (data not shown).
We then generated ''knock-in'' mouse lines in which Cre recombinase is inserted at the translational start site of the neto1 and kcng4 genes (Figures S1A and S1B available online). Cre was expressed in subsets of BCs in these lines as judged by immunostaining for Cre or mating to Cre-dependent reporters (Buffelli et al., 2003; Madisen et al., 2012) (Figures 1C-1F and data not shown). Some RGCs and amacrine cells were also Cre-positive. Several lines of evidence confirmed that the labeled BCs were BC2s in the Neto1
Cre line and BC5s in the
Kcng4
Cre line. First, Neto1
Cre -positive BCs expressed recoverin ( Figure 1C ), a marker of BC2s in the INL (Haverkamp et al., 2003) . Second, we mated Kcng4 Cre mice to a 5HT3R-GFP transgenic line that specifically marks BC5s ). Crepositive BCs were uniformly GFP-positive in double transgenic offspring ( Figure 1D in the adult retina ( Figure S1C ). Thus, the Neto1 Cre and Kcng4
Cre lines provide genetic access to BC2s and BC5s, respectively. Next, we used an optogenetic method to ask whether BC2s and BC5s synapse on SACs or ooDSGCs. Neto1
Cre and Kcng4
Cre mice were bred to transgenic lines in which SACs or ooDSGCs were marked with fluorescent proteins ( Figure 1B ). Channelrhodopsin (ChR2) was introduced into the BCs using either a transgenic line (Madisen et al., 2012) or an adeno-associated viral vector (AAV) in which expression is Cre-dependent (Cardin et al., 2009) . Marked SACs or ooDSGCs were targeted for recording in explants and BCs were stimulated individually using two-photon illumination (Andrasfalvy et al., 2010; Rickgauer and Tank, 2009 ) to avoid activating photoreceptors ( Figure S2 ). By probing all BCs near a targeted ooDSGC or SAC (Figures S2A and S2B), we could compute their convergence in the circuit. Stimulation of either BC2s or BC5s evoked currents in ooDSGCs (Figures 2A and 2B ). The short latency of the responses (<5 ms) demonstrated that the connections were monosynaptic. BC-evoked currents had reversal potentials near 0 mV and were blocked by NBQX (40 mM), indicating glutamatergic transmission (Figures 2A, 2B , 2E, and S2D). BC5s, but not BC2s, also made excitatory synapses on ON SACs, consistent with their stratification patterns ( Figures 2C, 2E , and S2D); we were unable to target Figure S1 and Tables S1 and S2. OFF SACs in the INL for recording, but recent ultrastructural results suggest that they are innervated by BC2s (Helmstaedter et al., 2013) . SACs, in turn, formed inhibitory GABAergic synapses and excitatory cholinergic synapses on ooDSGCs ( Figures 2D, 2E , and S2E), consistent with previous results (Vaney et al., 2012 See also Figure S2 .
2006). We used in situ hybridization to survey cadherin expression in the retina at P7 and P14, times that span the interval during which BCs form synapses (Morgan et al., 2006) . Several cadherins were expressed by neuronal subsets during this period (Figure S3) . Among them, two type II cadherins, cdh8 and cdh9 (Figures S3L and S3N) , were selectively expressed by subsets of cells identifiable as BCs by their position in the outer portion of the INL. Levels of cdh8 mRNA decreased and levels of cdh9 increased between P7 and P14 but both were expressed throughout the period of BC synaptogenesis ( Figure S3 ). Double-label in situ hybridization suggested that the Cdh8 + and Cdh9 + BCs were BC2 and BC5, respectively ( Figure S4D and data not shown). To test this idea, and to investigate roles of Cdh8 and Cdh9, we obtained cdh8 null mutant mice (Suzuki et al., 2007) and generated cdh9 null mutant mice ( Figures  S4A-S4C Tables S3 and S4. tochemical analysis, so we generated Cdh8-and Cdh9-mCherry fusion proteins, showed that they were biologically active (see below), and expressed them in BCs by electroporation of Cre-dependent vectors in Neto1 Cre or Kcng4
Cre mice. Whereas membrane-bound fluorescent proteins were diffusely distributed throughout the cells (Figures 1G and 1H) , the cadherins were concentrated in the axonal and dendritic arbors of the BCs ( Figures 3C and 3D ). Thus, the localization of these cadherins is consistent with the possibility that they are involved in synapse formation.
Cdh8 and Cdh9 Are Required for Laminar Restriction of BC Arbors
To ask whether Cdh8 is required for the development of BC2s, we compared the morphology of labeled cells in cdh8 mutants and controls. Sections were double-stained with antibodies to the vesicular acetylcholine transporter (VAChT) to mark SAC dendrites. Deletion of cdh8 had no detectable effect on the number of BC2s, the positions of their somata, or the extension of their axons into the IPL. However, instead of being confined to a single sublamina, axonal arbors were evenly distributed between the two sublaminae-one in the position of control BC2s and the other overlapping the ON SAC dendrites on which BC5s synapse (Figures 4A , 4B, and 4D). This alteration might reflect formation of bistratified arbors by some mutant BC2s or displacement of arbors of a subset of mutant BCs. To distinguish these possibilities, we used AAV expressing Cre-dependent YFP to label BCs sparsely. Individual BC2s were not bistratified in the absence of cdh8; rather, $50% bore arbors similar to those in controls, while the others bore monostratified but displaced arbors ( Figure 4I ). We also considered the possibility that deletion of cdh8 transformed some BC2s into another BC subtype. Evidence against such transformation is that mutant cells continued to express two specific markers of BC2s-cdh8, as judged by expression of lacZ from the cdh8 locus in Cdh8
LacZ/LacZ mice and neto1, as judged by expression of cre from the neto1 locus in Neto1 Cre/+ mice ( Figures 4B and 4L-4S ). Thus, cdh8 selectively affects placement of BC2 arbors rather than globally affecting BC identity.
We used a similar strategy to seek a role for Cdh9 in arborization of BC5s. Paralleling results from Cdh8-deficient BC2s, (legend continued on next page) deletion of cdh9 (Cdh9 LacZ/LacZ ; Kcng4 Cre/+ ;stop-YFP mice) had no detectable effect on the number, somata or identity of BC5s, but led to displacement of arbors of one-third of the labeled cells. In this case, arbors were displaced to the outer half of the IPL, including to the sublamina in which BC2s arborize .
We assayed the specificity of these defects in two ways. First, we asked whether loss of Cdh9 affected BC2s or loss of Cdh8 affected BC5s. To this end, we generated Cdh9
LacZ/LacZ ;Neto1-Cre/+
;stop-YFP and Cdh8 LacZ/LacZ ;Kcng4
Cre/+ ;stop-YFP mice. BC arbors in these mice were not detectably different from those in controls ( Figures 4C, 4D , 4F, and 4H). Second, we asked whether loss of Cdh8 or Cdh9 affected arbors of other neuronal subtypes, including ooDSGCs, SACs, rod BCs, type 3a OFF BCs, tyrosine-hydroxylase-positive wide-field amacrine cells, and VGlut3-positive narrow-field amacrine cells. In no case did arbors in the two mutants differ detectably from those in controls ( Figure S5 and data not shown).
Cdh8 and Cdh9 Are Required for Functional Connectivity from BCs to ooDSGCs
To assess the effects of Cdh8 and Cdh9 loss on synaptic function, we recorded from ooDSGCs in the Hb9-GFP and TWY9-YFP lines while stimulating BC2s or BC5s optogenetically. The incidence of functional connections between BC2s and ooDSGCs was reduced from 53% to 11% in cdh8 mutants compared to controls, while the average amplitude and latency in connected pairs was not significantly affected ( Figure 4J ). Likewise, the incidence but not the strength of connections between BC5s and ooDSGCs was significantly reduced in cdh9 mutants ( Figure 4K ). These results suggest that cadherins promote connectivity of BC2s and BC5s to ooDSGCs. Surprisingly, the functional defects in both mutants are substantially more severe than expected from structural defects, raising the possibility that cadherins play distinct roles in arbor localization and synapse formation (see Discussion).
Cdh8 Is Required for Initial Targeting of BC Arbors
Cdh8 and Cdh9 might regulate BC arborization by directing axonal targeting, refining initially diffuse arbors (Morgan et al., 2006) , or maintaining lamina-restricted arbors once they have formed. To distinguish these alternatives, we analyzed control and mutant BC2s between P4 and P30 ( Figures 4L-4S ). We immunostained LacZ in the Cdh8
LacZ allele to visualize BCs, because expression of Cre from the Neto1 Cre allele is undetectable until the second postnatal week. We attempted to perform similar studies with the Cdh9
LacZ allele, but levels of LacZ were too low to permit visualization of arbors. Most BCs undergo their terminal division between birth and P5 (Morrow et al., 2008; Voinescu et al., 2009 ). LacZ was undetectable in the inner nuclear layer of Cdh8
LacZ/+ and Cdh8
LacZ/LacZ mice prior to P4, suggesting that cdh8 is not expressed in progenitors. LacZ was detectable by P6, as axons of BC2s reach the IPL. By this time, control axons were largely confined to the appropriate sublamina, whereas mutant axons extended into the inner portion of the IPL (Figures 4L and 4M ). Aberrant projections accumulated over the subsequent week ( Figures  4N-4S ). By P21, defects assayed by LacZ expression were indistinguishable from those assayed by GFP expression (Figures 4B , 4D, and 4R-4T). These results suggest that Cdh8 directs targeting of BC2 arbors.
Cdh8 and Cdh9 Act Instructively to Target BC Axons
Results presented so far are consistent with either a permissive or an instructive role for Cdh8 and Cdh9 in axonal arborization: BCs might require a cadherin to enact their developmental program, with specificity imparted by other molecules, or cadherins might provide positional information. To distinguish these alternatives, we overexpressed recombinant Cdh8-and Cdh9-mCherry fusion proteins in BCs by electroporation of Cre-dependent vectors. Both proteins mediated homophilic adhesion in heterologous cells (data not shown). Expression of Cdh8-mCherry in BC2s had no detectable effect on the arbors of these cells ( Figures  3C, 5A, and 5B). In contrast, expression of Cdh9-mCherry led to displacement of their arbors to a position roughly corresponding to that of control BC5s ( Figures 5C and 5D) . Similarly, expression of Cdh8-mCherry, but not Cdh9-mCherry, displaced BC5 arbors to a position roughly corresponding to that of control BC2s (Figures 5D-5H ). Displacement was not accompanied by a change in identity: OFF BC2s and ON BC5s remained negative and positive, respectively, for Islet1, an ON BC marker (Elshatory et al., 2007) , whether or not their arbors were displaced ( Figures S5S-S5V ). Thus, cadherins exert differential effects on arbors of BCs.
As a critical test of the idea that type II cadherins play an instructive role, we introduced the Cdh8-and Cdh9-mCherry fusion proteins into a neuronal subtype that normally expresses neither cdh8 nor cdh9. We chose a pair of closely related narrowfield amacrine subtypes called nGnG and SEG, both of which See also Figures S4 and S5 and Table S5. express NeuroD6 (Kay et al., 2011b) . We used a NeuroD6
Cre line to manipulate these cells. Labeling with mCherry alone confirmed that the arbors of nGnG and SEG amacrine cells span the top two-thirds of the IPL with a center of mass that lies between the sublaminae in which BC2s and BC5s arborize ( Figure 5I ). Introduction of Cdh8-mCherry displaced arbors toward the outer portion of the IPL, closer to the stratum in which BC2s arborize, whereas introduction of Cdh9-mCherry displaced arbors toward the inner portion of the IPL, closer to the 
Displaced Bipolar Arbors Form Functional Synapses
We asked whether BC2s form functional synapses with ON SACs when their arbors are displaced by ectopic expression of cdh9. We electroporated ChR2-YFP or ChR2-YFP plus Cdh9-mCherry into BC2s of Neto1
Cre ; Thy1-OFP3 mice, in which SACs were OFP-positive ( Figures 5M and S6 ). As expected, arbors of most BC2s were displaced to the ON sublaminae. We recorded currents in ON SACs while imaging BC2 arbors with two-photon optics and stimulating them optogenetically ( Figure S6 ). Stimulation of displaced, but not control, BC2s evoked currents in ON SACs (Figures 5M-5O) . The size and latency of currents from displaced BCs were similar to those evoked by BC5s in wild-type animals ( Figure 5O ). Thus, redirected OFF BCs can form functional, ectopic synapses on postsynaptic cells in the ON pathway.
Cdh8 and Cdh9 Act Heterophilically
Classical cadherins are homophilic adhesion molecules (Hirano and Takeichi, 2012) , so we reasoned that Cdh8 and Cdh9 on BCs might interact with Cdh8 and Cdh9 on neighboring BCs or on target cells.
To test this idea, we introduced Cdh8-or Cdh9-mCherry into small numbers of cells in cdh8 or cdh9 mutant backgrounds. In these mice, individual cells expressing ectopic cadherin did not encounter cells expressing that cadherin. We performed three sets of experiments: introduction of Cdh9-mCherry into BC2s in cdh9 mutants, introduction of Cdh8-mCherry into BC5s in cdh8 mutants, and introduction of Cdh9-mCherry into nGnG and SEG amacrine cells in cdh9 mutants (Figures 6A-6I) . In each of three cases, laminar patterns of arbors in transduced mutants were indistinguishable from those in wild-type animals ( Figures  6B, 6E , and 6H compared to Figures 5C, 5F , and 5K), providing strong evidence that Cdh8 and Cdh9 affect arborization of BC axons by a heterophilic rather than a homophilic mechanism.
Visual Responses of ooDSGCs Are Compromised in the Absence of Cdh8 or Cdh9
To ask how loss of Cdh8 or Cdh9 affects visual responses of ooDSGCs, we measured action potentials in ooDSGCs in response to bright bars passed in each of 8 directions ( Figure 7A ). By recording from ooDSGCs normally selective for ventral motion (Hb9-GFP), we could assess not only whether the responses were direction-selective but also whether loss of cadherins affected the preferred direction. As expected, control ooDSGCs responded vigorously both when a bright bar moving ventrally on a dark background entered the receptive field (ON response) and when it exited the field (OFF response); bars moving in other directions elicited weaker responses ( Figures 7A and 7D ). Deletion of cdh8 selectively decreased the OFF responses of the ooDSGC by $60% compared to controls, whereas ON responses were preserved ( Figures 7B, 7E , 7J, and S7B). Moreover, whereas the direction-selectivity of the residual OFF responses was reduced in cdh8 mutants, that of the ON responses was unaffected ( Figures 7B, 7E , and 7K). Conversely, in cdh9 mutants, OFF responses were preserved and directional, but ON responses were nearly absent ( Figures 7C, 7F , 7J, 7K and S7C).
The most likely explanation of these defects was a loss of excitatory currents from BCs to ooDSGCs, but it was also possible that altered inhibition played a role. To distinguish these alternatives, we recorded currents from ooDSGCs in response to moving bars and full field flashes ( Figure 7G ). Excitatory OFF currents were decreased while ON currents were unaffected in cdh8 mutants, whereas excitatory ON currents were selectively lost in cdh9 mutants ( Figures 7H, 7I, and 7L) . Thus, ooDSGCs generalize about direction of motion by summing independent inputs from Cdh9-dependent ON and Cdh8-dependent OFF channels (Kittila and Massey, 1995) .
DISCUSSION
Processes of $100 neuronal subtypes intermingle in the restricted confines of the developing IPL. During the first few postnatal weeks, they form the specific patterns of synaptic connectivity that enable sophisticated processing of visual information. Although electrical activity or visual experience can affect synapse number, it has little effect on laminar restriction of arbors and synapses (Kerschensteiner et al., 2009; Wei and Feller, 2011) . Thus, it is likely that patterns of connectivity are molecularly specified in these circuits. Here, we show that BC2s and BC5s deliver visual input to neurons that compute direction of motion and demonstrate that Cdh8 and Cdh9 are required for assembly of the circuit.
Genetic Access to Neural Circuits
Our approach required gaining genetic access to the neuron types that comprise the ON-OFF direction-selective circuit. It is a major advantage of the retina for circuit analysis that many of its neuronal subtypes have been characterized morphologically, physiologically and molecularly. For many other parts of the CNS, analysis of how specific connections form as circuits assemble is not yet feasible. We used eight genetically engineered lines that allowed us to mark and manipulate six neuronal types in this circuit ( Figure 1B ): two types of BCs (BC2s and BC5s), two types of amacrine cells (ON and OFF SACs), and two types of ooDSGCs (preferring ventral or temporal motion).
Connections between SACs and ooDSGCs had been described previously (Briggman et al., 2011; Fried et al., 2002 ), but it was unclear which BC types transfer visual input from photoreceptors to SACs and ooDSGCs. Our optogenetic analysis provided direct evidence that BC2s and BC5s synapse on SACs and ooDSGCs. Results of a recent electron microscopy study are consistent with this conclusion, with the caveat that the method used scored contacts rather than ultrastructurally specialized synapses (Helmstaedter et al., 2013) . In addition, Yonehara et al. (2013) recently demonstrated connections of BC5s with ON-DSGCs, whose dendrites costratify with ooDSGCs. It remains to be determined whether other BC types also form synapses on SACs and ooDSGCs. Our functional studies (Figure 7) suggest that BC5s provide the major ON inputs to ooDSGCs but that BCs other than BC2s provide OFF input.
Instructive Role for Type II Cadherins
The cadherin superfamily comprises >100 cell surface glycoproteins defined by the presence of conserved extracellular domains. The first three cadherins to be identified (Cdh1-Cdh3) Figure 7 . Removal of Cdh8 and Cdh9 Abolish ON and OFF Channels on ooDSGCs (A-C) Polar plots for firing rates and direction-selectivity index (DSI) from sample ooDSGCs (left) and DSI of the full population of ooDSGCs (right) in controls (A), cdh8 mutants (B) and cdh9 mutants(C) in response to a bright bar moving in eight different directions (n = 9 Hb9GFP ooDSGCs in controls; n = 6 in Cdh8
LacZ/LacZ ; n = 7 in Cdh9 LacZ/LacZ cells). Radius = 120 Hz in left panels and 0.5 in right panels. and their closest relatives are now classified as classical cadherins, which are in turn divided into type I (Cdh1-Cdh4 and Cdh15) and type II (Cdh5-Cdh12, Cdh18-Cdh20, Cdh22, and Cdh24). They play critical roles in development and maintenance of tissues throughout the vertebrate body (Lien et al., 2006) . In the nervous system, they have been implicated in numerous developmental events, including neurulation, neuronal migration, aggregation of neurons into nuclei and pools, neurite growth, axonal fasciculation, synaptic differentiation, and plasticity (Inoue and Sanes, 1997; Osterhout et al., 2011; Paradis et al., 2007; Price et al., 2002; Suzuki et al., 2007; Tanabe et al., 2006; Tang et al., 1998; Williams et al., 2011; reviewed in Hirano and Takeichi, 2012) . Classical cadherins exhibit complex, dynamic, and combinatorial patterns of expression in many parts of developing and adult CNS (Krishna-K et al., 2011; Redies, 2000) including the retina (Etzrodt et al., 2009; Honjo et al., 2000; Wö hrn et al., 1998; Yamagata et al., 2006) . These patterns led to the idea that cadherins comprise an ''adhesive code'' underlying specific connectivity among neurons or regions (Redies and Takeichi, 1996) . To date, however, support for this hypothesis has been limited (Hirano and Takeichi, 2012) . Indeed, cadherin appears to mediate selective connectivity by spatiotemporally regulated expression rather than adhesive diversity in Drosophila (Nern et al., 2008) .
Our results provide strong support for the hypothesis that cadherins do, in fact, comprise components of an ''adhesive code.'' Initial evidence came from the altered BC arbors observed in the absence of Cdh8 and Cdh9. These results were compatible with either permissive or instructive roles. For example, each BC subtype could require a cadherin to form a suitable arbor, with the site of the arbor determined by other molecules. Alternatively, Cdh8 and Cdh9 could be specific determinants of arbor position. Gain-of-function experiments allowed us to distinguish between these models: introduction of Cdh8 and Cdh9 had distinct effects on arbors of BC2s and BC5s, as well as amacrine cells that normally expressed neither. Together, these results demonstrate that Cdh8 and Cdh9 play instructive rather than (or in addition to; see below) permissive roles in circuit assembly. Moreover, the roles are specific: of the many cell types we analyzed, Cdh8 and Cdh9 organized target choices of only BC2s and BC5s.
Type II cadherins may play related roles in other parts of the CNS. For example, the efficacy of connections between a population of thermosensitive neurons and their targets in the spinal cord is reduced in cdh8 mutants (Suzuki et al., 2007) and knockdown of Cdh9 decreases synaptic transmission from dentate granule cells to CA3 neurons in the hippocampus (Williams et al., 2011) . Instructive roles of cadherins were not, however, sought in these studies. In addition, microdeletions in cdh8 and polymorphisms near the cdh9 locus have been detected in rare autistic individuals (Pagnamenta et al., 2011; Wang et al., 2009) . Defects in cortical circuitry have been hypothesized to underlie symptoms of autism.
Ligands of Cadherins
Homophilic adhesion has been demonstrated for numerous classical cadherins and protocadherins, and this adhesion is generally believed to underlie their function (Brasch et al., 2012; Schreiner and Weiner, 2010 ). Yet, two lines of evidence indicate that Cdh8 and Cdh9 act heterophilically in the retina. First, we could not detect Cdh8 or Cdh9 in neighboring cells during the synaptogenesis of BCs. Second, ectopic expression of cdh8 or cdh9 redirected axons of individual neurons in mutant mice in which neighboring neurons lacked the cognate cadherin.
How then might these cadherins act? We consider three possibilities. First, Cdh8 and Cdh9 might bind to noncadherin ligands on neighboring cells. To date, however, no such ligands have been described. Second, cadherins bind in cis to other adhesive proteins such as nectins and nonclustered protocadherins, and this interaction can affect the binding specificity of both the cadherin and its partner (Biswas et al., 2010; Morita et al., 2010) . Such partners could interact differentially with Cdh8 and Cdh9 in cis and with other ligands on neighboring cells. Third, Cdh8 and Cdh9 could interact with other cadherins. Indeed, some cadherins have been shown to bind heterophilically to closely related family members in heterologous cells (Shimoyama et al., 2000) . In particular, Cdh8 binds to Cdh11, while Cdh9 binds to Cdh6 and Cdh10 (Shimoyama et al., 2000) . Interestingly, SACs and some ooDSGCs express cdh6 (Kay et al., 2011a) . Analysis of double and triple mutants could reveal roles masked by compensation or redundancy in single mutants.
Model of Synaptic Choice in Retina
We conclude with a speculative, but testable, model for roles of Cdh8 and Cdh9 in retinal circuit assembly. First, we suggest that a prepattern in the IPL renders two strata potentially attractive to both BC2s and BC5s ( Figure 7M, Step 1). This is because deletion of cdh8 redistributes the arbors of BC2s such that about half remain in their proper sublamina whereas the other half are displaced to the sublamina in which BC5s normally arborize; deletion of cdh9 has a similar, albeit less striking, effect on BC5s. In this scheme, the role of cadherins is not to precisely specify the position of BC axonal arbors but rather to bias their choice between the two potential sublaminae ( Figure 7M, Step 2). Evidence for this step is that introduction of Cdh8 at high levels leads to a dramatic shift of arbors from ON to OFF sublamina and vice versa for Cdh9. A prediction of this model is that ligands capable of distinguishing between Cdh8 and Cdh9 are localized to these sublaminae.
Intriguingly the cadherin-dependent choice appears to be between positions that are symmetrically displaced from the midline of the IPL. In fact, there is considerable evidence for the presence of ''paramorphic pairs'' of ON and OFF RGC that are similar in morphology except for symmetrical displacement of their arbors (Coombs et al., 2006; Hong et al., 2011) . Likewise, ON and OFF SACs can be viewed as a paramorphic pair. Of particular interest is the finding that dendrites of two OFF subtypes were displaced to a corresponding position in the ON region of the IPL in sema6A and plexA4 mutants (Matsuoka et al., 2011) . A design principle of retinal circuit assembly could thus be a stepwise division of the IPL into mirror-symmetric sets of ON and OFF domains followed by assignment of paramorphic pairs to one or the other.
Once in the proper sublamina, BC axons choose among dendrites of multiple amacrine and ganglion cells ( Figure 7M, Step 3). Cadherins might mediate this step as well, but it is unlikely that a single recognition molecule will be sufficient to explain the complex patterns of connectivity exhibited by any retinal neuron. Moreover, immunoglobulin superfamily molecules such as Sidekicks Sanes, 2008, 2012) are capable of mediating intralaminar choice (A.K., M. Yamagata, X.D., and J.R.S., unpublished data). Thus, it is attractive to posit a combinatorial model in which multiple adhesion molecules collaborate to ensure specific connectivity.
Finally, once synaptic contacts are established, they become functional ( Figure 7M, Step 4) . Surprisingly, the physiological defects detected in the cadherin mutants were significantly greater than those predicted from the morphological defects. That is, most axons of cdh8 mutant BC2s and cdh9 mutant BC5s were in close proximity to the dendrites of ooDSGCs, yet transmission from BCs to ooDSGCs was reduced by $80% (Figure 4) . Although ultrastructural studies will be needed to assess the extent of this proximity, we suggest that cadherins play not only an instructive role in specifying synaptic location, but also a permissive role in synapse formation. In this model, Cdh8 and Cdh9 provide distinct information about location and targets but a variety of cadherins could suffice to enable transmission. Rescue of the mutants by introduction of chimeric cadherins using the methods shown in Figure 5 could provide a way to test this idea.
EXPERIMENTAL PROCEDURES Animals
Cre recombinase was inserted into the translation start codon of the neto1 and kcng4 genes by homologous recombination, generating Neto1
Cre and
Kcng4
Cre lines. Cdh9 LacZ mice were produced as described in the Extended Experimental Procedures, generating a null allele. Other lines have been described previously: ChAT Cre (Rossi et al., 2011) , TYW9-YFP (Kim et al., 2010) , Cdh8 LacZ (Suzuki et al., 2007) , Thy1-stop-YFP Line#1 (Buffelli et al., 2003) , HB9-GFP (Trenholm et al., 2011) , RC-stop-ChR2-Tdtomato (Ai27) (Madisen et al., 2012) , and Thy1-OFP3 (Kay et al., 2012) . Animals were used in accordance with NIH guidelines and protocols approved by Institutional Animal Use and Care Committee at Harvard University.
Gene Transfer
Retinal cells were transduced in vivo by electroporation of purified DNA as described by Matsuda and Cepko (2007) or adeno-associated viral vectors (Hong et al., 2011) .
Electrophysiology
Mice were dark adapted for at least 2 hr prior to euthanasia. The retina was rapidly dissected under infrared illumination and the retina was placed in a recording chamber on the stage of a custom built two-photon microscope. Fluorescent cells were imaged and targeted for recording with patch electrodes. Neurons were imaged and optogenetically stimulated using a custom-built two-photon microscope, and currents or spikes were recorded in whole-cell or loose-patch modes. Channelrhodopsin was excited using two-photon excitation to avoid stimulation of photoreceptors. Light stimuli were delivered from a projector with a custom substage lens system focused onto the photoreceptors.
Histology
Retinas were analyzed as whole mounts or cryosections as described by Kim et al. (2010) . In situ hybridization was performed as described by Kay et al. (2011a) . Further descriptions of histological, molecular, physiological, and imaging methods are provided in the Extended Experimental Procedures.
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